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Abstract
Artificial islands construction can significantly influence the spatial distribution of heavy metals in inshore sediments. In 
this study, the distribution and contamination of heavy metals (Cd, Co, Cr, Cu, Ni, Pb, Zn, As and Hg) in inshore sediments 
of the Longkou Bay and artificial island adjacent areas were investigated in 2013 and 2014, respectively. Results showed 
that the contents of heavy metals increased in the Longkou Bay and decreased in the west of the artificial island in 2014 
compared with 2013. The contamination and potential eco-risk of heavy metals in the sediments were higher in 2014 than 
those in 2013. Cd and Hg showed a high potential eco-risk in LK02, and other metals were in the lower level. The results 
indicated that after the construction of artificial islands in the Longkou Bay, the contamination and eco-risk of heavy metals 
in the sediments markedly increased in the Longkou Bay.
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Heavy metals are considered to the primary pollutants in the 
coastal environments due to their high toxicity, persistence 
and non-degradability (Armid et al. 2014; Zhang et al. 2016; 
Tian et al. 2018). Because of their unique natural conditions 

and geographical location, the coastal zones and bays are 
the areas where human activities are most frequently dis-
turbed (Wang et al. 2014; Yan et al. 2016). Consequently, 
huge amounts of metals were discharged into the estuary 
and coastal environment through runoff and atmospheric 
transport (Xu et al. 2016; Han et al. 2017). According to the 
Bulletin of Marine Environmental Quality of China, about 
17.6 million tons of pollutants were discharged into the sea 
in China in 2014. On account of the strong metal-binding 
capacity, easily removed and released to the overlying aque-
ous, sediments serve as repositories and source of heavy 
metals (Usman et al. 2013). However, once the conditions 
of sedimentary environment changed, heavy metals fixed 
in sediments can be dissolved into the water again, causing 
secondary contaminations (Hill et al. 2013; Duan et al. 2018; 
Zhu et al. 2019). Therefore, heavy metals in the sediments 
can be good indicators of regional contamination condi-
tion which contain valuable geological and environmental 
information.

As the leader city of the overall concept of the devel-
opment of blue economic zones in Shandong Peninsula, 
Longkou city’s development is obviously limited by the 
narrow land area and insufficient space resources. In order 
to solve this problem and maintain sustained economic 
growth steadiness, Longkou City adopted the combination 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0012​8-020-03032​-3) contains 
supplementary material, which is available to authorized users.

 *	 He Zhu 
	 zhuhe@imde.ac.cn

 *	 Zhigao Sun 
	 zhigaosun@163.com

1	 Qingdao National Laboratory for Marine Science 
and Technology, Qingdao 266061, China

2	 Key Laboratory of Mountain Surface Processes 
and Ecological Regulation, Institute of Mountain Hazards 
and Environment, Chinese Academy of Sciences, 
Chengdu 610041, China

3	 Key Laboratory of Humid Subtropical Eco‑geographical 
Process (Fujian Normal University), Ministry of Education, 
Fuzhou 350007, China

4	 Key Laboratory of Coastal Zone Environment Processes 
and Ecological Remediation, Yantai Institute of Coastal Zone 
Research, Chinese Academy of Sciences, Yantai 264003, 
People’s Republic of China

http://orcid.org/0000-0001-8402-9692
http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-020-03032-3&domain=pdf
https://doi.org/10.1007/s00128-020-03032-3


	 Bulletin of Environmental Contamination and Toxicology

1 3

of artificial islands and block groups reclamation to con-
struct the offshore artificial islands group. The construc-
tion of offshore artificial islands is bound to change the 
natural coastline of Longkou Bay, causing changes in 
hydrodynamic conditions in Longkou Bay. Thus, that will 
lead to changes in tidal fields and characteristics of ero-
sion and deposition in and around the bay. Meanwhile, the 
variation of the shoreline caused by land reclamation and 
coastal engineering was the main factor affecting the accu-
mulation of heavy metal contents of sediment profiles (Pan 
et al. 2000; Tam and Wong 2000). Several studies have 
been investigated the content, distribution and sources of 
heavy metals in the sediments in Laizhou Bay (Zhuang 
and Gao, 2014; Zhang et al. 2017) and Bohai Bay (Xu 
et al. 2016; Ding et al. 2018), and they mainly considered 
the nature sources and industrial sources were important 
factors affecting the heavy metals, but did not take the 
construction of the large scale offshore artificial island 
into consideration.

Longkou Bay, locates in the northeast of Laizhou Bay, 
northeast of China, is a logarithmic spiral semi-open 
bay, with shallow sea plain landform in the bay, and the 
hydrodynamic force is relatively weak with no significant 
discharge of sediments and dynamic balance existed at 
the top of Longkou Bay. After decades of booming indus-
trialization and rapid population growth around Longkou 
Bay, a large amount of contaminants has been discharged 
into the bay, which has a detrimental impact on both the 
ecological environment and human health. In view of this, 
based on the heavy metal content in the surface sediment 
collected from Longkou Bay and the adjacent sea areas in 
2013 and 2014, we combined with the TOC content, and 
particle size of the sediments, using a variety of evaluation 
methods to evaluate the status of heavy metal contamina-
tion and ecological risk of this area, in order to know the 

current contamination status and whether it was affected 
by the construction of the large scale offshore artificial 
island and provide basic data support for protecting the 
coastal ecological environment.

Materials and Methods

Ten surface sediments (0–5 cm) were selected to collect 
from inshore and adjacent sea areas of the Longkou Bay 
by using a stainless steel grab sampler in September 2013 
and 2014, respectively (Fig. 1). After sampling, sediments 
were carefully stored in acid-rinsed polyethylene bags and 
stored at − 20°C in the dark until further analysis. General 
information of the surface sediments in sampling stations of 
the Longkou Bay was given in Table S1.

Grain size of the surface sediments were measured 
according to Fang et al. (2015), and measured by using a 
Mastersizer 2000 Laser Particle Size Analyzer (Malvern 
Panalytical, UK). Three glasses of grain sizes were divided: 
clay (< 4 μm), silt (4–63 μm), and sand (> 63 μm) (Folk and 
Ward 1957). The total organic carbon (TOC) in the sediment 
was obtained by subtracting the inorganic carbon from the 
total carbon, and measured in duplicates by using an Ele-
mental Analyzer (Thermo Fisher Flash 2000), with a stand-
ard deviation of ± 0.02% (n= 6) for TOC. The concentrations 
of heavy metals in the sediments were measured according 
to Zhao et al. (2016). Sample solution and reagent blanks 
were analyzed for Pb, Cu, Zn, Ni, Cd, Cr, and As by using 
an Inductively Coupled Plasma-Mass Spectroscopy (ICP-
MS) (Agilent Company, America). And the concentration of 
Hg was measured using Atomic Fluorescence Spectrometry 
(AFS-930) (Jitian Company, Beijing).

In order to monitored the quality of chemical analysis 
and examine the accuracy of the data, standard reference 

Fig. 1   Map showing the sampling sites of the surface sediments collected in the Longkou Bay and the adjacent sea areas
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materials (GBW07401) from the National Research Center 
for Standards of China were analyzed during the process. 
And all sediment samples were analyzed in duplicates. 
According to the measurement of the repeated samples 
and reference materials, the relative standard deviation 
was below 5% for ICP-MS and below 1% for AFS. And the 
recovery of the reference materials was 96%–105%.

The geo-accumulation index (Igeo) is a common crite-
rion to assess the contamination of heavy metals in the sedi-
ments, which was originally proposed by Muller (1969). It 
can be calculated by the Eq. (1) shown in the supplementary 
materials, and seven classes of geo-accumulation index had 
distinguished as shown in Table S2. The potential ecologi-
cal risks not only reflect the contamination level of heavy 
metals, but also combines the toxicity and the response of 
the environment (Hakanson 1980). It can be calculated by 
the Eq. (2) and (3) shown in the supplementary materials, 
and the classifications of Ei

r
 and ERI are listed in Table S3.

Pearson correlation analysis was applied to establish the 
relationships between heavy metals and sediment physio-
chemical properties by the software package SPSS 16.0 for 
Windows. The study area and depths of Laizhou Bay were 
performed by the software ArcGIS 10.2 with the method of 
inverse distance weighted (IDW).

Results and Discussion

The TOC (%) and grain size composition were measured in 
order to get the general characteristics information of the 
surface sediments. The sediments were predominantly com-
posed of silt (55.6%–71.4%, mean: 63.2%), followed by sand 
(8.8%–35.6%, mean: 18.7%) and clay (8.4%–27.1%, mean: 
18.0%). The contents of TOC varied between 0.18% and 
0.76% with mean contents of 0.50% in the surface sediments 
by dry weight. The highest and lowest contents of TOC were 
observed at LK02 and LK10 station, respectively.

The varied contents of heavy metals in surface sediments 
in 2013 and 2014 were showed in Table S4, respectively. 
The mean contents of heavy metals in sediments decreased 
in the order of Cr > Zn > Cu > Ni > Pb > Co > As > Cd > Hg 
both in two years. Compared with 2013, the mean contents 
of Cd, Ni, Pb, As and Hg increased in 2014, while the other 
trace metals decreased. The largest increasing and decreas-
ing contents of heavy metals were Pb and Cr, respectively 
(Fig. 2).

The spatial distribution of the various trace metals in 
the sediments of the study area in 2013 varied widely, 
but were moderately variable compared with 2014 
(10% < CV < 100%). Among them, the variation coefficients 
of Cu, As and Hg in the sediments in 2013 were relatively 
higher, which were 52.7%, 47.3% and 43.8%, respectively. 
However, the variation coefficients of As, Cd and Hg in 

sediments in 2014 were higher, which were 38.2%, 41.6% 
and 40.4%, respectively (Table S4). The annual differences 
in the levels of various trace metals in the sediments in 2013 
and 2014 shows that Pb, Cd, As, Zn and Cr differed signifi-
cantly between the 2 years (p < 0.05), while the content of 
Cu, Co, Ni and Hg was not significantly different between 
the 2 years (p > 0.05). On the whole, compared with the 
distribution of heavy metals in the study area in 2013, the 
content of heavy metals increased slightly in the inner bay of 
Longkou Bay and the western area of Qimu Island in 2014, 
and decreased slightly in the western area of artificial island 
near Laizhou Bay.

Hydrodynamic conditions are a main factor influences 
the distribution of heavy metals in the sediments (Wang 
et al. 2013; Yan et al. 2016). The artificial island generated 
strongly blocking effect on the water flow and the transport 
of sediment in the Longkou Bay, which makes the current 
velocity and effective wave height of the Longkou Bay sea 
area smaller, and has led to an increase of siltation in the 
northern part and inner of Longkou Bay (Zhou et al. 2014; 
Liu et al. 2017). The smectite content in Longkou Bay was 
significantly higher than that outside the bay, which also 
indicated that the fine sediment in Longkou Bay deposited 
(An et al. 2010; Ren et al. 2016). Due to the deposition of 
silt in the bay, heavy metals from land-based pollutants and 
the shipping pollutants in Longkou Port are adsorbed by 
fine particles and then enriched in the bay. Therefore, the 
heavy metal contents increased at the LK02 station. Mean-
while, there was a weak tidal current area in the southeast 
of Laizhou Bay, and the tidal current direction was basically 
parallel to the shore wall of the artificial islands, which was 
closed to the artificial island construction area of Long-
kou Bay (Bian et al. 2006). Coarse particles deposited on 
the artificial island shore, while fine particles are usually 
transported far from shore under hydrodynamic force. As 
mentioned above, the change of particle size must change 
the distribution of sediment, and the main reason for this 
change was the construction of artificial island. Since the 
sediments from the north side of Qimu island cannot enter 
the south side, which accompanying a slight erosion in the 
west the island (Feng et al. 2009). These have resulted in 
the deposition of some heavy metals in the LK03 station 
and the nearby areas in the western part of Qimu island. In 
addition to affect the content and distribution of heavy met-
als through changing the tidal current, the construction of 
artificial islands has impact on the sources of heavy metals.

Organic matters, Fe/Mn oxides/hydroxides and grain size 
composition were considered as the controlling factors in the 
spatial distribution of heavy metals in the sediments (Zhu 
et al. 2018). And correlations of heavy metals can reflect the 
origin and migration of these metals. Pearson correlation 
analysis showed that the TOC content of the sediments in the 
study area was highly significantly correlated with the clay 
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(p < 0.01), was significantly positively correlated with silt 
(p < 0.05) and highly significantly negatively correlated with 
sand (p < 0.01) (Table 1), indicating that TOC is more likely 
to be deposited in fine particles, which is consistent with 
the results of Zheng et al. (2015). In addition to the nega-
tive correlations with Cd, Cu, and Cr, TOC showed positive 
correlations with other trace metals, suggesting that these 
metals may be homologous or were related to the organic 
matter in the sediment. In addition to Cd and Cr, other trace 
metals were also mostly positively correlated with fine parti-
cles. And in the study of Zhu et al. (2018), the heavy metals 
in the sediments correlated significantly with Fe and Mn 
(p < 0.01), and they indicated that the Fe/Mn oxides/hydrox-
ides played important role in the distribution of heavy metals 
in surface sediments of the Caofeidian adjacent sea after the 
land reclamation, especially in the western Caofeidian.

The mean values of Geo-accumulation index (Igeo) of 
heavy metals were shown in Fig. 3. Our results indicated 
that the study area was unpolluted by these metals in 2013. 
Cu only showed moderate degree of contamination at LK01 

(Igeo = 1.06) station, whereas unpolluted at other stations. 
And the calculated Igeo of Cd ranged from 0 to 1 belonged 
to class one, which indicating slight pollution level (Fig. 3). 
Compared to 2013, the Igeo values of nine heavy metals of 
2014 changed slightly with mean values, which also indi-
cating that the study area was unpolluted by these metals. 
However, changed occurred between Pb and Cu, both of 
them shown unpolluted to moderately contamination degree 
at LK02 station, and unpolluted at the others. In addition, all 
sites in the studied area were polluted by Cd with 50% of the 
sites showed unpolluted to moderately contamination degree 
and 50% of the sites under moderate polluted. It also can be 
concluded that Cd was the most important contamination 
in the sediments in the studied area, and the contamination 
threatened by it increased slightly in 2014.

According to the Ei
r
 values of the heavy metals in Table 2. 

The Ei
r
 values of Cd in sediments ranged from 51.62 to 84.55 

(mean: 67.58) and 50.11 to 136.74 (mean: 92.13) in 2013 
and 2014, respectively. The Ei

r
 values of Cd indicated a mod-

erate or higher potential ecological risk. Meanwhile, the 

Fig. 2   Comparison of heavy metal concentrations in surface sediments at different stations in the study area between 2013 and 2014
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highest Ei
r
 values of Cd were observed at LK09 station both 

in 2013 and 2014, while the Ei
r
 value of Cd in 2014 was 1.6 

times that of 2013, indicating that serious potential ecologi-
cal risk of Cd existed in this site and nearby in 2014. And 
the Ei

r
 values of Hg in sediments ranged from 8.00 to 48.00 

(mean: 29.07) and 10.67 to 49.33 (mean: 31.15) in 2013 
and 2014, respectively, indicating a low potential ecologi-
cal risk. In contrast, the Ei

r
 values for other heavy metals in 

the sediment were below 10 in both years, indicating a low 
potential ecological risk.

The ERI values of heavy metals in sediments varied 
from 99.31 to 138.81 (mean: 126.65) and 103.31 to 210.81 
(mean: 152.76) in 2013 and 2014, respectively. Results 
showed that heavy metals posed a low potential ecological 

threaten in 2013, and a moderate potential ecological 
threaten in 2014. Meanwhile, we found that the potential 
eco-risks were mainly caused by Cd and Hg, which con-
tributed 53.36% and 22.95% to ERI in 2013, and 60.31% 
and 20.39% in 2014, respectively, indicating that Cd has 
the highest potential eco-risk. Hence, Cd and Hg were 
considered the most important potential eco-risks factors 
in Longkou Bay, which was agreed with the studies of Luo 
et al. (2010) and Liu et al. (2015). The higher eco-risk of 
Cd may be related to the high biological toxicity and the 
faster accumulation rate in the sediments and aquatic.

Laizhou Bay is an important one part of Bohai. It was 
worth notice that the ecological risks of Cd were also high-
est in the other sea areas of Bohai, such as the Liaodong 
Bay, the nearshore of Caofeidian and the Yellow River 
estuary, especially the heavily industrialized Jinzhou Bay, 

Table 1   Person correlation analysis between heavy metals and characters of the sediments

*Correlation is significant at the 0.05 level (two-tailed)
**Correlation is significant at the 0.01 level (two-tailed)

Pb Cu Zn Cd Cr Co Ni Hg As Clay Silt Sand TOC

Pb 1
Cu 0.45 1
Zn 0.42 − 0.29 1
Cd − 0.32 − 0.23 − 0.25 1
Cr 0.31 − 0.42 0.12 0.28 1
Co 0.88** 0.33 0.52 − 0.43 0.25 1
Ni 0.56 − 0.38 0.44 − 0.17 0.62 0.54 1
Hg 0.36 − 0.25 0.68* − 0.34 0.14 0.64* 0.55 1
As 0.05 − 0.25 0.65* − 0.03 − 0.05 − 0.05 0.09 − 0.02
Clay 0.46 0.01 0.54 − 0.89** − 0.09 0.57 0.51 0.61 0.22 1
Silt 0.52 − 0.47 0.79** − 0.13 0.57 0.46 0.82** 0.53 0.55 0.49 1
Sand − 0.57 0.28 − 0.78** 0.57 − 0.29 − 0.59 − 0.77** − 0.65* − 0.46 − 0.85** − 0.88** 1
TOC 0.45 − 0.11 0.61 − 0.72* − 0.06 0.41 0.59 0.54 0.38 0.91** 0.65* − 0.89** 1

Fig. 3   Geo-accumulation index 
(Igeo) of values of samples 
from Longkou Bay. Filled circle 
represents mean value of Igeo of 
certain heavy metal; dashed line 
represents classification of Igeo



	 Bulletin of Environmental Contamination and Toxicology

1 3

Cd exhibits an extremely high eco-risk (Zhang et al. 2011; 
Zhu et al. 2018). The above results indicate that it is nec-
essary to strengthen the continuous monitoring and risk 
assessment of heavy metals, especially Cd, in sediments in 
Longkou Bay and its adjacent waters under the influence 
of large-scale offshore artificial island construction.
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